Shin DS, Zhao R, Fiser A, Goldman ID. Role of the fourth transmembrane domain in proton-coupled folate transporter function as assessed by the substituted cysteine accessibility method. Am J Physiol Cell Physiol 304: C1159 -C1167, 2013. First published April 3, 2013; doi:10.1152/ajpcell.00353.2012.-The proton-coupled folate transporter (PCFT, SLC46A1) mediates folate transport across the apical brush-border membrane of the proximal small intestine and the basolateral membrane of choroid plexus ependymal cells. Two lossof-function mutations in PCFT, which are the basis for hereditary folate malabsorption, have been identified within the fourth transmembrane domain (TMD4) in subjects with this disorder. We have employed the substituted Cys accessibility method (SCAM) to study the accessibilities of all residues in TMD4 and their roles in folate substrate binding to the carrier. When residues 146 -167 were replaced by Cys, all except R148C were expressed at the cell surface. Modification of five of these substituted Cys residues (positions 147, 152, 157, 158, and 161) by methanethiosulfonate (MTS) reagents led to reduction of PCFT function. All five residues could be labeled with N-biotinylaminoethyl-MTS, and this could be blocked by the highaffinity PCFT substrate pemetrexed. Pemetrexed also protected PCFT mutant function from inhibitory modification of the substituted Cys at positions 157, 158, and 161 by a MTS. The findings indicate that these five residues in TMD4 are accessible to the aqueous translocation pathway, play a role in folate substrate binding, and are likely located within or near the folate binding pocket. A homology model of PCFT places three of these residues, Phe 157 , Gly 158 , and Leu 161 , within a breakpoint in the midportion of TMD4, a region that likely participates in alterations in the PCFT conformational state during carrier cycling.
folates; homology model; folate transporters; hereditary folate malabsorption; hereditary folate malabsorption; proton-coupled folate transporter; heme carrier protein 1; intestinal folate absorption THE PROTON-COUPLED FOLATE transporter (PCFT, SLC46A1) is the mechanism by which folates are transported across the apical brush-border membrane of the proximal small intestine and the basolateral membrane of ependymal cells at the bloodchoroid plexus-cerebrospinal fluid barrier (36) . Both processes are markedly impaired when there are loss-of-function mutations in this gene, as occurs in the autosomal recessive disorder hereditary folate malabsorption (HFM) (6, 36) . Because of the key role of this transporter in the maintenance of folate homeostasis in humans, the impact of disease-causing mutations, and PCFT's pharmacological potential in antifolate cancer treatment (4, 5) , understanding the structural basis for PCFT function is of considerable interest. It has been established that PCFT has 12 transmembrane domains (TMDs), with its COOH and NH 2 termini facing the cytoplasm (43) , and exists in a homo-oligomeric configuration (12, 41) . The major focus of studies on PCFT has been on the impact of single mutations on the expression and function of this transporter. The residues chosen for study have been 1) identified in subjects with HFM (14, 19, 26 -28, 39) , 2) charged residues in TMDs (31, 32) , and 3) identified by random mutagenesis (40) . Although a variety of functionally important PCFT residues have been identified in this way, there is very limited information on residues directly involved in folate binding and translocation.
Most recently, Ile 188 in TMD5 of PCFT was identified as a residue that may be directly involved in folate binding (28) . The functional role of this residue was discovered because of its close proximity to the irreplaceable G(189)XXG(192) motif. The I88C PCFT mutant was labeled with membrane-impermeant N-biotinylaminoethylmethanethiosulfonate (MTSEA-biotin), indicating that this residue is in the aqueous translocation pathway and is accessible from the extracellular compartment. The activity of the I188C mutant was inhibited by modification with a membrane-impermeant sulfhydryl-specific 2-(trimethylammonium) ethyl methanethiosulfonate, bromide (MTSET), and this inhibition was prevented by pemetrexed, an antifolate substrate with high affinity for PCFT (34, 38) . These observations were consistent with the localization of I188C in or near an element of the folate binding pocket.
TMD4 of PCFT has been a region of considerable interest. The Gly 147 and Asp 156 residues were mutated in subjects with HFM (26, 39) , and the L161R mutant, with a marked decrease in affinity for methotrexate (MTX), was identified by random mutagenesis (40) . In the current study the substituted Cys accessibility method (SCAM) was employed to explore the accessibility of all 21 residues of TMD4, from positions 146 to 167, and their potential role in binding of folates to this transporter (13) . All Cys mutations could be generated in wild-type (WT) PCFT, since none of the seven native Cys residues react with membrane-impermeant sulfhydryl-specific reagents (41) . In five mutants, G147C, A152C, F157C, G158C, and L161C, the substituted Cys residue was found to be accessible to the aqueous translocation pathway. Pemetrexed blocked the labeling of all five mutants by MTSEA-biotin and protected the inhibitory modification of the latter three mutants by MTSET. Construction of Cys PCFT mutant plasmids by site-directed mutagenesis. Amino acid residues at positions 146 -167 of PCFT were individually replaced with Cys using the QuikChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA). An expression vector, pcDNA3.1(ϩ), that encodes hemagglutinin (HA)-tagged PCFT at the COOH terminus was used as a template. The coding sequence of PCFT was verified by DNA sequencing in the Albert Einstein Cancer Center Genomics Shared Resource.
Cell lines, cell culture conditions, and transient transfection. HeLa-R1-11 cells that lack reduced folate carrier expression due to a genomic deletion (37) and do not express PCFT due to silencing of its promoter by methylation (7) were used as transfection recipients. R1-11 cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidified atmosphere of 5% CO2. R1-11 cells (3.5 ϫ 10 5 cells/vial) were seeded into 17-mm liquid scintillation vials in preparation for transport studies or six-well plates (6 ϫ 10 5 cells/well) in preparation for labeling experiments. After 2 days, the cells were transiently transfected with PCFT constructs (0.8 g/vial or 2 g/well of a 6-well-plate) with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After 2 additional days, the cells were processed for transport studies or biotin labeling.
Transport measurements. Cells were washed twice with 2 ml of HBS (20 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, and 5 mM dextrose, pH 7.4) buffer and incubated with the same buffer (2 ml) in a water bath (37°C) for 20 min. After incubation, the buffer was aspirated, and 500 l of MBS (20 mM MES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, and 5 mM dextrose, pH 5.5) containing 0.5 M [ 3 H]MTX were added. Transport was terminated after 1 min by the addition of 5 ml of ice-cold HBS buffer (pH 7.4); over this interval, uptake was unidirectional. Cells were washed three times with 5 ml of ice-cold HBS, 500 l of 0.2 M NaOH were added, and cells were digested for 1 h at 65°C. A 400-l portion of the hydrolysate was analyzed on a liquid scintillation spectrometer; another portion of the hydrolysate (10 l) was analyzed for protein with the Pierce kit (Thermo Scientific). Influx is expressed as picomoles of Modification of substituted Cys residues with methanethiosulfonate reagents. Cells were washed with HBS buffer twice and treated with freshly made methanethiosulfonate (MTS) reagent solutions at room temperature for 30 min. MTSES and MTSET are water-soluble and were dissolved in HBS buffer. MMTS, MTSEA, and MTSEA-biotin are more hydrophobic and were dissolved in DMSO first and then diluted into HBS buffer at a ratio of 1:100. After 30 min, cells were washed twice with 2 ml of HBS, and [ 3 H]MTX influx was determined as described above.
Biotinylation of PCFT. For analysis of PCFT accessibility at the cell surface, cells in HBS were treated for 30 min with 1 mg/ml EZ-Link Sulfo-NHS-LC-Biotin, which reacts with Lys residues on the cell surface. For SCAM, cells were treated with MTSEA-biotin for 30 min at room temperature or at 0°C. The extent to which pemetrexed blocks Cys biotinylation with MTSEA-biotin was also assessed by Western blotting. Cells were treated with pemetrexed before MTSEAbiotin was added at room temperature or 0°C. Pemetrexed was present throughout the biotinylation reaction. MTSEA-biotin concentrations were adjusted to optimize pemetrexed protection on the basis of the prior observation that pemetrexed protection was greater at the lowest MTS concentration that still achieved near-maximal inhibition of PCFT function (41) : 100 M MTSEA-biotin for F157C and L161C, 170 M for G158C, and 500 M for G147C and A152C PCFT mutants. After these reactions, cells were washed twice with 2 ml of HBS buffer and treated with hypotonic buffer (0.5 mM Na 2HPO4 and 0.1 mM EDTA, pH 7.0) containing protease inhibitors and kept on ice for 30 min. Cells were then scraped from the plates with a cell lifter and centrifuged at 14,000 rpm for 15 min at 4°C. The supernatant was aspirated, and the membrane fraction was pelleted by centrifugation at 14,000 rpm for 15 min. The pellet was resuspended with 400 l of lysis buffer (50 mM Tris-base, 150 mM NaCl, 1% NP-40, and 0.5% sodium deoxycholate, pH 7.4) containing protease inhibitors and rotated in a cold room at 4°C for 30 -120 min. A 25-l portion was taken for Western blot analysis and designated the crude membrane protein fraction. The remaining sample was centrifuged at 14,000 rpm at 4°C for 15 min. The supernatant was then mixed with streptavidinagarose beads (50 l) that had been washed three times with lysis buffer overnight at 4°C on the rotator. The next day, the beads were washed twice with lysis buffer (500 l) and twice with lysis buffer (500 l) containing 2% SDS; each wash cycle consisted of a 20-min rotation at room temperature. Protein bound to the beads was stripped by heating for 5 min at 95°in 2ϫ SDS-PAGE loading buffer containing DTT.
Western blot analyses. The protein samples obtained as described above were loaded directly onto 12% Tris·HCl polyacrylamide gels. The crude membrane fraction was mixed with 2ϫ SDS-PAGE loading buffer (1:1) containing DTT at room temperature before Western blot analysis. After SDS-PAGE, proteins were transferred to Amersham Hybond membranes (GE Healthcare, Piscataway, NJ) and blocked with 10% dry milk in TBST (20 mM Tris, 135 mM NaCl, and 1% Tween 20, pH 7.6) overnight at 4°C. The blots of crude membrane fractions from cells subjected to surface biotinylation were probed with a rabbit ␤-actin antibody (Cell Signaling Technology, Danvers, MA) and then stripped with buffer (100 mM 2-␤-mercaptoethanol, 2% SDS, and 62.5 mM Tris·HCl, pH 6.7) and reprobed with anti-HA antibody (Sigma, St. Louis, MO; 1:4,000 in TBST-0.1% milk). The blots of crude membrane fractions of Cys-substituted residues exposed to MTSEA-biotin were probed directly with anti-HA antibody. For samples obtained from beads, blots were probed directly with anti-HA antibody. After application of the first antibody, the blot was probed with an anti-rabbit IgG-horseradish peroxidase conjugate (Cell Signaling Technology; 1:5,000 in TBST). Blots were developed with the Amersham ECL Plus reagent (GE Healthcare).
Statistical analysis. Differences were considered significant at P Յ 0.05 by one-tailed Student's paired t-test or one-way ANOVA using GraphPad Prism software.
Molecular modeling. A homology model has been built for PCFT (15, 28, 31, 41) . A hidden Markov model-based fold-recognition and alignment method, HHpred, was used to establish the sequence alignment between PCFT and its template (31) . The best scoring template remained the crystal structure of the Escherichia coli glycerol-3-phosphate transporter (PDB code 1pw54), consistent with earlier studies (15, 26, 31) ; 1pw54 was utilized as template in comparative protein structure modeling with the Modeller program using the HHpred alignment as input (9, 24) . The resulting model was verified through energetic analyses, using statistical pair potentials implemented in Prosa function (29) , by correlating the location of transmembrane segments as obtained from the HMMTOP prediction (30) with the observed location of transmembrane helices in the threedimensional model and by checking the distribution of electrostatic charges along the transporter using the GRASP program (http:// www.ncbi.nlm.nih.gov/pubmed/14696386). The previous workflow described the most successful model built, but other alignment techniques [such as Muscle (8), ClustalW (3), MMM (21, 22) , and Align2D (17, 18)] and their corresponding comparative models were also explored. Figure 1A illustrates the established topological structure of PCFT, magnifying TMD4 (43) . A Cys residue was substituted for each of the amino acids at positions 146 -167 in the WT PCFT. Although the Cys-less PCFT might be considered a more desirable template to generate these mutants than the WT PCFT, prior studies indicated that while function is preserved in the Cys-less PCFT, it is vulnerable to loss-offunction with additional mutations that do not affect WT PCFT activity (42) . Also, none of the seven native Cys residues in the WT PCFT could be modified by membrane-impermeable sulfhydryl reagents (41) . There is one endogenous Cys residue at position 151 that is not accessible. D156C was excluded, since it was previously shown to be an unstable protein (26) . Figure  1B MTX influx was assessed for all mutants to determine if they were appropriate for subsequent analysis by the SCAM. As Fig. 2A indicates, more than half of these Cys PCFT mutants (total 12) preserved Ͼ50% of WT PCFT activity. Western blot analyses of the crude membrane preparation and cell surface labeling by biotinylation were assessed for the mutants that preserved Ͻ50% of WT activity ( Fig. 2B; total 8 Cys mutants). Consistent with the lack of function, the R148C PCFT mutant protein was barely detectable in either fraction and, therefore, was not amenable to SCAM; however, all the other Cys mutant proteins were expressed, detected at the cell surface, and, hence, suitable for further study.
RESULTS

Function and expression of Cys-substituted PCFT residues of TMD4.
Impact of MTS reagents on Cys PCFT mutants. Membraneimpermeable hydrophilic sulfhydryl-reactive reagents were used to modify Cys residues accessible to the extracellular aqueous milieu (13 and Ser 167 are at the extracellular and intracellular interfaces, respectively. These residues and the residues between them were evaluated by the SCAM. Two residues mutated in subjects with hereditary folate malabsorption, G147R and D156Y, are indicated. B: human PCFT TMD4 protein sequence was aligned with 9 different species. PRALINE sequence alignment program (http://www.ibi.vu.nl/programs/) was utilized. Numbers above the sequence are derived from human PCFT.
reagents that nonspecifically suppress PCFT activity. MMTS is the smallest and most hydrophobic, MTSEA and MTSET carry a positive charge, MTSES carries a negative charge, and MTSEA-biotin is the largest molecule and does not penetrate the cell membrane (2) .
To assess the effects of MTS reagents on PCFT activity, cells expressing WT or Cys-less PCFT were incubated with MTS reagents for 30 min at 20°C in HBS buffer at pH 7.4. Then influx of [ 3 H]MTX (0.5 M) was measured at 37°C, pH 5.5, over 1 min. On the basis of two separate experiments, each performed in duplicate, treatment of WT PCFT with MMTS (2 mM), MTSEA (2 mM), MTSET (3 mM), MTSES (3 mM), or MTSEA-biotin (500 M) resulted in a decrease in MTX influx to 60, 12, 85, 95, or 89%, respectively, of the untreated cells that express WT PCFT. Treatment of the cells that express the Cys-less PCFT with MMTS (2 mM), MTSEA (2 mM), MT-SET (3 mM), MTSES (3 mM), or MTSEA-biotin (500 M) resulted in a decrease in MTX influx to 84, 44, 96, 114, or 108%, respectively, of the untreated cells that express Cys-less PCFT. Hence, MTSEA treatment markedly inhibited [ 3 H]MTX influx in WT cells and, to a lesser extent, in cells that express Cys-less PCFT. MMTS was a weaker inhibitor of transport mediated by WT PCFT, from which all the Cys mutants in the current study were generated. Therefore, MMTS and MTSEA were excluded in the subsequent studies.
The effect of MTSET on PCFT function was then assessed. As illustrated in Fig. 3A , treatment of the 19 mutants with 3 mM MTSET resulted in modest (Ͼ25%) inhibition of MTX influx mediated by G147C, A152C, G158C, L161C, and F157C PCFT. Figure 3B indicates the effects of modification of these five mutants by MTSES and MTSEA-biotin. There was negligible inhibition of the G147C and A152C PCFT mutants by these two reagents. MTSES and MTSEA-biotin produced the most potent inhibition of F157C, while the two reagents produced comparable and significant inhibition of G158C. MTSET and MTSEA-biotin produced Ͼ70% inhibition of L161C-PCFT function, whereas MTSES had no effect on L161C PCFT function. Hence, while it might be expected that the largest MTS reagent, MTSEA-biotin, would have less accessibility than smaller reagents, particularly at residues located near the inner cell membrane-cytosolic interface, this was not to be the case. Neither MTSES nor MTSEA-biotin inhibited transport mediated by the other Cys mutants that were not inhibited by MTSET, as indicated in Fig. 3A (data not  shown) .
Of all the inhibitors tested, MTSES was the only one that did not inhibit L161C PCFT. To examine the possibility that this reagent reacts with this residue but this modification does not result in an alteration of function, the L161C PCFT mutant was treated with MTSES prior to treatment with MTSET. As indicated in Fig. 3C , this sequence of treatment eliminated the effect of MTSET, indicating that the Cys residue was already blocked by MTSES and was not available for reaction with MTSET. Hence, MTSES modifies L161C PCFT, but without a functional consequence.
Analysis of the protective effect of pemetrexed on biotinylation of the Cys-substituted PCFT mutants by MTSEA-biotin. To assess the proximity of the Gly 147 , Ala 152 , Phe 157 , Gly 158 , and Leu 161 residues to the folate binding pocket, experiments were designed to determine the inhibitory effect of folate substrate on biotinylation of the Cys-substituted PCFT mutants. If the biotinylation is abrogated or diminished in the presence of a folate, then the residue is likely located in or near the folate binding pocket. Among folate/antifolate substrates, pemetrexed has the highest affinity for PCFT at pH 5.5 and, in particular, at pH 7.4; hence, pemetrexed was used as the substrate in these experiments (34, 38) . These experiments were performed at room temperature, which allows conformational changes of the carrier, and at 0°C, which prevents the carrier from cycling between its conformational states (1, 11, 16) .
Cells were treated with MTSEA-biotin in the presence or absence of pemetrexed at room temperature. As shown in Fig. 4A , pemetrexed completely blocked MTSEA-biotin labeling of the G147C and A152C mutants, with substantial, although incomplete, protection of labeling of the F157C and L161C PCFT mutants. No protection was observed for the G158C mutant. When these experiments were performed at 0°C (Fig. 4B) , all five Cys PCFT mutants were biotinylated, and this was completely abrogated by the presence of pemetrexed. These observations are consistent with a role for these five residues in folate binding to PCFT.
Several control experiments were conducted to verify that the block of MTSEA-biotin labeling by pemetrexed was specific (Fig. 4C) . Labeling of the A152C mutant with 500 M MTSEA-biotin could be blocked not only by 1 mM pemetrexed, but by 0.3 and 0.1 mM pemetrexed as well. On the other hand, the labeling was not blocked by 1 mM PT523, an antifolate that has the lowest, if any, affinity for PCFT ( mutant, in which labeling with 100 M MTSEA-biotin was markedly reduced by 1 and 0.3 mM pemetrexed but was not affected by 1 mM PT523. The G207C mutant on a Cys-less background (Gly 207 Cys-less), generated previously for the analysis of PCFT membrane topology (43), was also labeled with 100 M MTSEA-biotin in the absence or presence of 1 mM pemetrexed or PT523. Neither pemetrexed nor PT523 had an effect on the labeling of this mutant, which is located in the third extracellular loop of PCFT (43) .
To exclude the possibility that residues other than Gly 147 , Ala 152 , Phe 157 , Gly 158 , and Leu 161 in TMD4 react with MT-SET, MTSES, or/and MTSEA-biotin, but these modifications do not alter function, biotinylation with MTSEA-biotin was also assessed with these mutants. None of the substituted Cys residues were biotinylated except for the minimal biotinylation of the L160C PCFT (data not shown), which is not conserved.
Analysis of the protective effect of pemetrexed on inhibition of G147C, A152C, F157C, G158C, and L161C mutant function by MTSET. Further studies were undertaken to assess whether pemetrexed protection of the PCFT mutants from modification by MTSET preserved transport function. These experiments were performed at 0°C, a temperature at which pemetrexed blockage of labeling by MTSEA-biotin was optimal, as shown in Fig. 4 . As indicated in Fig. 5 , treatment of the G147C, A152C, F157C, G158C, and L161C variants with MTSET reduced function for all the mutants. However, the presence of pemetrexed in the modification step by MTSET preserved function of only the F157C, G158C, and L161C mutants. Therefore, from a functional perspective, at least for F157C, G158C, and L161C mutant PCFTs, pemetrexed could protect the substituted Cys residues from modification by MTSEAbiotin and MTSET.
DISCUSSION
Since the cloning of PCFT, a variety of experimental approaches have been utilized to explore the structure and function of this carrier. These approaches encompass characterization of the PCFT residues mutated in subjects with HFM, along with random and site-directed mutagenesis. The current study was focused on application of SCAM to identify residues in TMD4 that are accessible to the aqueous translocation pathway and located within or near the folate binding pocket. All the Cys mutants, except R148C, which was unstable, were expressed at the plasma membrane and retained some degree of function. D156C was previously shown to be unstable (26) . These observations are consistent with the notion that Cys substitutions in TMDs are almost always tolerated. A previous study showed that the lack of expression of R148C was related to the specific residue substituted. Substitutions with likecharged Lys or His were fully functional; some function was preserved with the R148A, but not the R148L, PCFT mutants (32) , while 50% of function was preserved when Arg 148 was replaced with the oppositely charged Asp (unpublished observation). Hence, the positive charge at this residue is not absolutely required to sustain the tertiary structure and intrinsic function, so this residue is not involved in a charge-pair interaction or a substrate binding. Five of the 21 residues in TMD4 could be modified by MTS reagents, including MTSET, MTSES, and MTSEA-biotin, and, on this basis, are considered to be accessible to the aqueous translocation pathway and, through this channel, to the extracellular compartment. There was no strict correlation between inhibition of transport function and the size or charge of the sulfhydryl inhibitor. In general, the most potent inhibitor was MTSET, a molecule in the midrange of size with a positive charge. Interestingly, MTSEA-biotin, the largest of the MTS reagents, was a potent inhibitor of residues deep within this helix. Hence, the electrostatic potential at each residue along the pathway and local steric constraints may be more important determinants of the effects of these reagents than size (13) .
To further define the extent to which residues accessible to the sulfhydryl reagents might be located within the folate binding pocket, the protective effect of pemetrexed, a folate analog with high affinity for PCFT at low and physiological pH (38) , was assessed by its impact on biotinylation of the Cyssubstituted residues. The pemetrexed protection of MTSEAbiotin labeling appeared to be specific on the basis of the following observations. 1) The protection was achieved at a low concentration of pemetrexed (0.1 mM), even when the concentration of MTSEA-biotin was high (500 M).
2) The protection was not affected by PT523, an antifolate with very high affinity for the reduced folate carrier and a very low affinity for PCFT at low or neutral pH (20, 34, 38) . 3) Labeling of a PCFT mutant located in the extracellular loop (G207C) was not altered by 1 mM pemetrexed or by 1 mM PT523.
These experiments were performed at two temperatures on the basis of the current supposition that 1) if substrate binding physically prevents access of the MTS reagent to a specific Cys residue, this should occur irrespective of temperature, while 2) if a conformational change occurs after substrate binding, this should render the substituted Cys residue inaccessible to the reagent; this would not occur at 0°C, where conformational changes occur very slowly, if at all (1, 11, 16) . These data suggest that the Gly 147 , Ala 152 , Phe 157 , and Leu 161 residues physically interact with folate substrate. The complete protection of G158C biotinylation at 0°C by pemetrexed is also consistent with direct involvement of this residue in folate binding. It is unclear why protection by pemetrexed of biotinylation of this residue was not observed at room temperature. It is possible that a conformational change triggered by pemetrexed binding produces a conformation shift of the G158C In A and B, cells were exposed to HBS (20 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, and 5 mM dextrose, pH 7.4) or 1 mM pemetrexed in HBS for 10 min, MTSEA-biotin was added, and cells were incubated for 30 min. In C, cells were exposed to different concentrations of pemetrexed, or with 1 mM PT523, for 10 min and then labeled with MTSES-biotin for 30 min. Cells were exposed to HBS in control groups. The MTSEA-biotin concentration was adjusted to optimize pemetrexed protection while sustaining a high level of reaction of MTSEA-biotin in the immunoprecipitate: 100 M MTSEA-biotin for F157C, L161C, and G207C Cys-less, 170 M for G158C, and 500 M for G147C and A152C PCFT mutants. Blots are representative of Ն2 independent experiments. White vertical lines in C indicate positions at which different X-ray films are aligned.
residue, such that it remains accessible to MTSEA-biotin. However, at 0°C, this conformational change does not occur, and, thus, pemetrexed blocks the reaction of MTSEA-biotin with the residue (G158C). Further evidence to support the direct involvement of Phe 157 , Gly 158 , and Leu 161 in folate binding came from protection of PCFT function from inhibition by MTSET. Although some protection was also observed for the G147C and A152 mutants, the difference did not reach statistical significance probably because of the low level of reduction in function achieved in the modification by MTSET. The relatively small inhibition by MTSET of the G147C and A152C mutants could be attributed to the incomplete modification of the Cys residues with this reagent and/or by a small disturbance in folate binding, even when the Cys residues were completely modified. The latter case was best illustrated for the L161C mutant, in which modification by MTSES did not have an impact on function, as shown in Fig. 3C . Pemetrexed protection of MTSEA-biotin labeling could be readily measured, even when the modification by this reagent was incomplete and had no functional consequence. Hence, Western blot analysis of the protective effect of pemetrexed on MTSEA-biotin labeling is more sensitive than a functional analysis of pemetrexed protection.
To further relate the residues associated with folate binding to PCFT structure, we used a homology model of this carrier based on a best fit to the glycerol-3-phosphate bacterial transporter, for which a crystal structure is available, as previously reported (15, 28, 31) . This TMD is predicted to be broken (discontinuous or unwound helix) in the midregion (Fig. 6) . The G147C and A152C residues are located within the external half of this TMD. The accessibility of the G147C mutant to biotinylation may be related to its relative proximity to the extracellular compartment; the accessibility of the Ala 152 mutant appears to be due to its proximity to the aqueous translocation pathway. Three residues, Phe 157 , Gly 158 , and Gly
159
, are located within a loop that separates the internal and external TMD segments. Leu 161 is close by and, along with Gly 158 , appears to be accessible to the aqueous translocation pathway, consistent with the biotinylation results. Phe 157 appears to point into the lipid bilayer and should not be accessible. However, the accessibility of the F157C mutant to biotinylation could be due to the impact of the Cys substitution that alters the usual conformation of this residue, or this residue could be transiently accessible to the aqueous channel because of the flexibility of this region. Modeling of this midregion of the carrier within the lipid bilayer is particularly reliable, since all alternative models, using different programs to align the structural template of the glycerol-3-phosphate bacterial transporter with the target PCFT sequence, returned an identical solution.
The break in TMD4 is distinct from the other 11 helices, except TMD8, which is also broken in the midregion in the PCFT homology model. Two Gly residues (Gly 158 and Gly 159 ) located in the breakpoint in TMD4 provide flexibility, suggesting that this region plays an important role in conformational changes of the carrier that occur during the transport cycle. While these Gly residues are not well conserved, on the basis of the partial sequence alignment of Fig. 1B , one or the other would provide flexibility and motion in this region. Broken or discontinuous (unwound) helices in other solute transporter structures have roles in substrate binding (25) . There are breaks in the midportion of the helical structure of TMD1 and TMD6 of the Na ϩ -Cl Ϫ -dependent neurotransmitter transporters, based on the structure of the bacterial homolog. In TMD1, two adjacent residues (Val and Gly) adopt an extended conformation, linking the two segments. The interruption was greater in TMD6 with Ser and Gly residues. These breaks expose mainchain carbonyl oxygen and nitrogen atoms for hydrogen bonding, ion coordination, or substrate binding (35) . Cys mutagenesis and molecular modeling of the mammalian neurotransmitter transporter [serotonin transporter (SERT)], based on the LeuT bacterial transporter structure, suggested helical breaks in TMD1 and TMD6 that contain residues within the translocation pathways involved in substrate binding (10) . This was also observed for the APC (amino acid-polyamine-organification) amino acid transporter (33) . Taken together, these findings are consistent with an important role for TMD4 of PCFT in providing residues accessible to the aqueous translocation pathway and within or close to the folate binding pocket. The break in this helix further suggests a role for this region in the conformational changes that occur during oscillation of the carrier between its conformational states. 
